Introduction {#sec1}
============

RNAi enables efficient target gene silencing by cleaving mRNA or repressing mRNA translation. Through these processes, it compromises gene expression and regulates gene activity. It has not only become a powerful experimental tool for basic research but also provides a new approach to drug discovery and development.[@bib1], [@bib2] Over 20 small interfering RNA (siRNA)-based therapeutics are currently in clinical trials, aiming to cure diseases such as transthyretin-mediated amyloidosis,[@bib3], [@bib4] delayed graft function (DGF) (A.O. Gaber et al., 2010, Am. J. Transplant., abstract; V. Peddi et al., 2014, Transplantation, abstract), non-arteritic anterior ischemic optic neuropathy (NAION),[@bib5] diabetic macular edema (DME),[@bib6] hypercholesterolemia,[@bib7] cancer,[@bib8], [@bib9] Ebola,[@bib10] and hepatitis B.[@bib11]

MicroRNA (miRNAs) are also main family members of RNAi. Their aberrant expression may be involved in various human diseases. Therefore, correcting these miRNA deficiencies by either antagonizing or restoring miRNA function may provide a therapeutic benefit. Several miRNA-based therapeutics are in clinical trials, such as MRX34 (a miR-34a mimic for cancer treatment)[@bib12], [@bib13] and RG-101 (an miR-122 inhibitor for the treatment of hepatitis C) (M.H. van der Ree et al., 2015, Hepatology, abstract). Mirna Therapeutics recently halted a phase 1 study of MRX34 because multiple immune-related severe adverse events (SAEs, grade 4) were observed in five patients dosed with the study drug.[@bib14] The reported cytokine release syndrome might be induced by Smarticles, a liposome delivery technology licensed by Marina Biotech.[@bib13], [@bib15] Mirna Therapeutics is now pursuing next-generation delivery technology to restart certain projects.

Furthermore, antisense oligonucleotides (ASOs) are also currently in clinical trials for targeting RNAs involved in various diseases, such as prostate/lung cancer (J. Von Pawel et al., 2015, J. Thorac. Oncol., abstract),[@bib16] familial amyloid polyneuropathy,[@bib17] and Crohn's disease.[@bib18], [@bib19] One ASO named mipomersen (KYNAMRO)[@bib20], [@bib21] has been approved by the Food and Drug Administration (FDA) for the treatment of homozygous familial hypercholesterolemia. Recently, Exondys 51 (Exondys or eteplirsen), an antisense oligonucleotide indicated for the treatment of Duchenne muscular dystrophy (DMD) in patients who have a confirmed mutation of the DMD gene, was approved by FDA after a complicated and controversial discussion among FDA officials, the sponsor (Sarepta), patients, politicians, and physicians.[@bib22], [@bib23] This is a result of struggling to balance a tremendous patient need against the paucity of clinical data. Concern regarding the efficacy of this drug will be further addressed in the results of the new phase III trial. Overall, continued compelling results from clinical trials elicit the anticipation that more oligonucleotide therapeutics will be clinically approved over the next few years. The functional pathway of RNAi, anti-miR, and ASO is shown in [Figure 1](#fig1){ref-type="fig"}.

However, efficient and targeted delivery remains the bottleneck for nucleic acid-based drug development because of the large molecular weight and negative charge. From the 1960s, the action mechanism of the ligands interacting with asialoglycoprotein receptor (ASGPR) was thoroughly investigated. ASGPR was first discovered by Morell and colleagues when they studied the metabolism of ceruloplasmin in 1968. It is conserved across species and highly expressed in hepatocytes (∼500,000 copies/cell).[@bib24], [@bib25], [@bib26] It can facilitate uptake and clearance of circulating glycoproteins with exposed terminal galactose and N-acetylgalactosamine \[GalNAc\], an amino sugar derivative of galactose) glycans via clathrin-mediated endocytosis.[@bib24], [@bib27], [@bib28] The presence of Ca^2+^ ions is required for proper recognition and binding of the ligands to the carbohydrate recognition domain of the receptor.[@bib29], [@bib30] Only ∼15 min are required for ASGPR internalization and recycling to the cell surface.[@bib31]

The role of surface carbohydrates in hepatic recognition and transport of circulating glycoproteins, properties of internalization and degradation of asialo-fetuin, and the binding site of hepatic lectin have already been investigated four decades ago.[@bib32], [@bib33], [@bib34], [@bib35], [@bib36] In the following three decades (1980s--2000s), asialo-orosomucoid (ASOR, a protein containing galactose and GalNAc residues), galactose, galactoside, galactosamine, galactan, as well as GalNAc were widely tested for the delivery of glycopeptide,[@bib37] plasmid DNA,[@bib38], [@bib39], [@bib40], [@bib41], [@bib42] ASO,[@bib43], [@bib44] antisense peptide nucleic acid (asPNA),[@bib45] glycolipid,[@bib46] nucleotide analogs,[@bib47] and small molecules[@bib48], [@bib49] into hepatocytes. Meanwhile, the influences of type,[@bib46], [@bib50], [@bib51], [@bib52], [@bib53] number,[@bib53], [@bib54] and spatial orientation[@bib53], [@bib54], [@bib55] of the sugar moieties and particle size[@bib51] on cell uptake by hepatocytes were thoroughly investigated in past decades. As a result, people have reached a consensus that triantennary GalNAc with a mutual distance of ∼20 Å exhibits the highest affinity with ASGPR.[@bib51], [@bib56] When GalNAc is used as a targeting moiety in certain nanoparticles, the size of the nanoparticle should be less than 70 nm.[@bib51] Consequently, GalNAc has been widely used for liver-targeted delivery of various payloads.[@bib56]

Recently, GalNAc blooms again for its application in liver-targeted delivery of various oligonucleotides. By attaching GalNAc to the nucleic acid molecules, drug payloads can be efficiently delivered into hepatocytes and trigger the corresponding biological function, which represents a powerful and promising delivery method for nucleic acid-based drug development. This review covers the preclinical and clinical advances of GalNAc-decorated nucleic acid therapeutics, including siRNAs, anti-miRs, and ASOs.

GalNAc Used for siRNA Delivery {#sec1.1}
------------------------------

Recently, GalNAc was successfully used for liver-targeted siRNA delivery ([Figure 2](#fig2){ref-type="fig"}A). As a pioneer in this field, Alnylam Pharmaceuticals has made plenty of advancements ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}).[@bib57] At the beginning, the triantennary GalNAc moiety is covalently attached to the siRNA through a (3*R*,5*S*)-3-hydroxy-5-hydroxymethylpyrrolidine scaffold.[@bib57], [@bib58] Typically, siRNA is composed of a sense strand with 21 nucleotides (nt) and an antisense strand with 23 nt (S21nt/AS23nt). All nucleotides are completely complementary when pairing with target mRNA. There is a 2-nt overhang at the 3′ end of the antisense strand, which means that it is blunt-ended 3′ of the sense strand and 5′ of the antisense strand. The bases of the siRNA are modified according to standard template chemistry (STC), in which an alternating 2′-F/2′-OMe motif is employed with two phosphorothioate (PS) linkages at the 3′ end of the antisense strand. Modification with 2′-F or 2′-OMe means that the 2′-H is substituted with 2′-F or 2′-OCH~3~, which may improve the stability and affinity of siRNA. Based on this technology, STC-siRNA-GalNAc conjugates are subcutaneously injected into animals or human beings and trigger efficient gene silencing.

For the second-generation technology, siRNAs are modified with enhanced stabilization chemistry (ESC).[@bib56] In this case, modifications may be made according to, but not limited to, the following principles. (1) Three consecutive nucleotides located at the 11, 12, and 13 positions of the antisense strand from the 5′ end are modified with 2′-OMe, and three complementary nucleotides on the sense strand are modified with 2′-F. For siRNA with a S21nt/AS23nt structure, three 2′-F modifications are located at 9, 10, and 11 from the 5′ end of the sense strand. Basically, three consecutive 2′-F modifications occur at or near the cleavage site of the sense strand. Optionally, additional consecutive 2′-OMe modifications may occur at the 21, 22, and 23 positions of the antisense strand from the 5′ end.[@bib57] More motifs with three identical modifications on three consecutive nucleotides may occur, according to several patent documents filed by Alnylam.[@bib59] (2) Other nucleotides of both the sense and antisense strands are still modified with alternating 2′-F/2′-OMe motifs, wherein the modification of the nucleotide adjacent to the motif with three consecutive modifications is different than the modifications on that motif.[@bib59] (3) The nucleotide at the 1 position of the 5′ end of the duplex in the antisense strand is selected from the group consisting of adenosine (A), 2\'-deoxyadenosine (dA), 2\'-deoxyuridine (dU), uridine (U), and 2\'-deoxythymidine (dT), and at least one of the first, second, and third base pairs from the 5′ end of the antisense strand is an AU base pair.[@bib59], [@bib60] (4) In addition to the changes on the nucleotide sequence, two additional phosphorothioate (or methylphosphonate) internucleotide linkages were also incorporated at the 5′ ends of both strands.

Furthermore, the latest progress in siRNA modification provides more complicated information,[@bib60] which includes the following. (1) A thermally destabilizing nucleotide (e.g., an acyclic nucleotide such as unlocked nucleic acid \[UNA\] or glycol nucleic acid \[GNA\], mismatch, abasic, or DNA) may be placed at a site opposite to the seed region of the antisense strand (i.e., at positions 2--8 of the 5′ end of the antisense strand), which typically may be placed at 14--17 (e.g., 15) of the 5′ end of the sense stand.[@bib60] (2) One position at the sense strand (e.g., 11) and three positons at the antisense strand (e.g., 2, 14, and 10) may use nucleotides comprising a modification, providing the nucleotide a steric bulk that is less than or equal to the steric bulk of a 2′-OMe modification. This nucleotide can be selected from DNA, RNA, locked nucleic acid (LNA), 2′-F, or 2′-F-5′-methyl.[@bib60] (3) It may comprise a 5′-vinyl phosphonate (5′-VP) because this phosphate mimic can enhance the potency of synthetic siRNA.[@bib61], [@bib62] (4) Strategies regarding the sequence length and structure of siRNA, blocks of phosphorothioate internucleotide linkages, and AU pairing at the 5′ end of the antisense strand are similar to the abovementioned principles. However, there is a claim that the double-strand RNA agent does not contain any 2′-F modification, which is very different from the above descriptions and even from the claims in the same patent document.[@bib60] It is worth noting that the exact chemical composition of ESC is not disclosed, and there is no strict discrimination between STC and ESC. The modifications may be varied among different siRNA sequences.

Resulting from these changes, the stability of ESC-siRNA-GalNAc conjugates was significantly enhanced. The pharmacokinetic properties of ESC siRNA were superior to the STC siRNA. In a direct comparison of the two siRNA chemistries, ESC-siRNA-GalNAc conjugates exhibited 5- to 10-fold higher potency than STC-siRNA-GalNAc conjugates. For transthyretin (TTR)-targeting siRNA-GalNAc conjugates, refinements of the siRNA chemistry achieved a 5-fold improvement in efficacy over the parent design in vivo, with a median effective dose (ED~50~) of 1 mg/kg following a single dose,[@bib57] whereas, for antithrombin (AT3)-targeting siRNA-GalNAc conjugates, the ESC modulator showed a \>10-fold improvement in efficacy over the STC design after a single dose.[@bib63]

Revusiran (ALN-TTRsc) (J.D. Gillmore et al., 2015, J. Am. Coll. Cardiol., abstract)[@bib64], [@bib65] is a TTR-targeting siRNA-GalNAc conjugate employing STC technology. Initial data from the Revusiran phase 2 open-label extension (OLE) study[@bib64] continued to show robust (serum TTR levels reduced by ∼90% with multiple dosing) and sustained (clinical measures typically stable to day 90) knockdown of serum TTR in hereditary ATTR (hATTR) patients with cardiomyopathy. Five of nine patients had a stable 6-min walk distance (6-MWD) at 12 month ([Table 2](#tbl2){ref-type="table"}). Unfortunately, Alnylam recently discontinued the development of Revusiran because of an imbalance of mortality in the Revusiran arm compared with placebo ([Table 2](#tbl2){ref-type="table"}). There were 17 deaths among patients on the study drug and two deaths among patients on placebo up to October 8, 2016. Although no conclusive evidence for a drug-related neuropathy signal was found in the phase III ENDEAVOUR study, the data monitoring committee found that the benefit-risk profile for Revusiran no longer supported continued dosing. The exact reason for the deaths was still unclear, the company said. However, Revusiran is the only project using STC technology, and the annualized exposure level of Revusiran (∼28 g) is much higher (∼12--70 times) than that of other ESC-GalNAc conjugate projects (∼0.4--2.4 g) ([Table 2](#tbl2){ref-type="table"}). On the other hand, patient recruitment in the clinical study of IONIS-TTR~RX~,[@bib17] a similar project developed by Ionis Pharmaceuticals, started earlier than Revusiran. The total patient volume of this orphan disease is limited. As a result, the health condition of some patients recruited by Alnylam might be not well. Moreover, the phase III APOLLO study of Patisiran, a liposome-based sister product of Revusiran, will continue.

Based on the technology of ESC-siRNA-GalNAc conjugate, Alnylam has established a promising siRNA drug development pipeline for genetic medicines, cardio-metabolic diseases, and hepatic infectious diseases. Among them, ALN-AAT[@bib66] is a phase I/II RNAi therapeutic targeting alpha-1 antitrypsin for the treatment of alpha-1 antitrypsin (AAT) deficiency-associated liver disease. Unfortunately, Alnylam also discontinued its development at the end of September, 2016 because they observed transient, asymptomatic, and dose-dependent increases in liver enzymes in 3 of 15 healthy volunteers exposed to single doses of ALN-AAT ([Table 2](#tbl2){ref-type="table"}). Although there were no drug-related SAEs, discontinuations because of AEs, or injection site reactions (ISRs) reported, the company still decided to optimize the tolerability profile for this project. As a result, ALN-AAT02, a follow-on molecule targeting a different sequence, has been added to the discovery pipeline ([Table 1](#tbl1){ref-type="table"}).

Actually, elevated liver enzymes were also observed for projects of ALN-PCSsc (one patient) and ALN-AT3 (one patient), which showed ∼4 × upper limit of normal (ULN) and 8--10 × ULN increases in enzymes, respectively. However, they showed no increase in total bilirubin. No clear explanation for the toxicity was provided. It is unclear why Alnylam claims, in the patent of WO2016028649,[@bib60] that double-stranded RNA does not contain any 2′-F modification. They perhaps just intend to own the property of an siRNA agent without a 2′-F modification. However, it is also possible that Alnylam has some special considerations; e.g., safety issues. Moreover, ASOs with a full PS backbone may result in obvious toxicities, such as increased coagulation times, decreased platelets, and immune activation;[@bib67], [@bib68], [@bib69] the increased PS linkages in ESC may also contribute to toxicity.

ALN-TTRsc02, another ESC-siRNA-GalNAc conjugate, is in phase I clinical study. Preclinical data of ALN-TTRsc02 showed potent and highly durable knockdown of serum TTR of up to 99%, with multi-month durability achieved after just a single dose. It was also found to be generally well tolerated with no SAEs at doses as high as 100 mg/kg. The annualized exposure level of ALN-TTRsc02 (∼0.4 g as the target product profiles described[@bib70]) is projected to be much lower than that of Revusiran (∼28 g) ([Table 2](#tbl2){ref-type="table"}).

Except for the above projects, Fitusiran (ALN-AT3) (K.J., Pasi et al., 2016, Haemophilia, abstract)[@bib71], [@bib72] (targeting antithrombin for the treatment of hemophilia and rare bleeding disorders), ALN-PCSsc (K. Fitzgerald et al., 2015, Circulation, abstract)[@bib73], [@bib74] (targeting proprotein convertase subtilisin/kexin type 9 for the treatment of hypercholesterolemia), ALN-CC5[@bib75] (targeting complement component 5 for the treatment of complement-mediated diseases), ALN-GO1[@bib76], [@bib77] (targeting glycolate oxidase for the treatment of primary hyperoxaluria type 1), and ALN-HBV (L. Sepp-Lorenzino et al., 2015, Hepatology, abstract)[@bib78], [@bib79] (targeting the hepatitis B virus \[HBV\] genome for the treatment of HBV infection) are undergoing phase II or phase I/II clinical trial. ALN-AS1[@bib80], [@bib81] (targeting aminolevulinic acid synthase 1 for the treatment of acute hepatic porphyrias) is in phase I clinical study. Moreover, several other projects, including ALN-TMP (J. Butler et al., 2013, Blood, abstract), ALN-F12 (A. Akinc et al., 2016, J. Allergy Clin. Immunol., abstract), ALN-AC3[@bib74], ALN-ANG (W. Querbes et al., 2013, Circulation, abstract), ALN-AGT, ALN-HDV, and ALN-PDL, are undergoing preclinical investigations ([Table 1](#tbl1){ref-type="table"}). It is worth noting that all of these programs employ ESC-GalNAc conjugate delivery technology, which may open a window for siRNA-GalNAc conjugate therapeutics.

Moreover, Alnylam continuously worked on improving the conjugate chemistry. Matsuda et al. (Alnylam team)[@bib82] systematically explored the effect of display and positioning of the GalNAc moiety within the siRNA duplex on ASGPR binding and RNAi activity. Data suggested that an array of nucleosidic GalNAc monomers resembling a dispersed trivalent ligand at or near the 3′ end of the sense strand retained in vitro and in vivo siRNA activity, similar to the parent clustered conjugate design. Rajeev et al., (Alnylam team)[@bib58] further proved that simplified trivalent GalNAc-conjugated siRNAs, based on a novel non-nucleosidic linker, could be synthesized by sequential covalent attachment of the trivalent GalNAc to the 3′ end of the sense strand under solid-phase synthesis conditions. The novel siRNA-GalNAc conjugates showed similar in vitro and in vivo potency as the parent trivalent siRNA-GalNAc one.

In addition, Prakash and colleagues (Ionis team)[@bib62] investigated the effect of combing the PS modification with a metabolically stable phosphate analog *(E)*-5′-VP and GalNAc cluster conjugation on the activity of fully 2′-modified siRNA in cell culture and mice. Data revealed that integrating multiple chemical approaches in one siRNA molecule improved potency 5- to 10-fold. Parmar et al. (Alnylam team)[@bib61] also demonstrated that incorporation of *(E)*-5′-VP results in up to 20-fold-improved in vitro potency and up to a 3-fold benefit in in vivo activity by promoting Ago2 loading and enhancing metabolic stability.

The great improvements of siRNA-GalNAc conjugate chemistries, in terms of both siRNA stabilization/recognition and the linkage methodologies, will facilitate GalNAc conjugate oligonucleotides-based drug development. Taken together, the sequence (which originally determines its activity), modification (which influences siRNA stability, activity, and the pharmacokinetics \[PK\] profile in the liver), linker chemistry, display, and positioning of the GalNAc moiety will all affect the potency and safety of the siRNA modality. Hence, people should treat the siRNA-GalNAc conjugate as a whole when they use it.

Dynamic polyconjugates (DPCs), a delivery platform developed by Arrowhead Pharmaceuticals,[@bib11], [@bib83], [@bib84], [@bib85], [@bib86] employs GalNAc as a targeting and masking moiety linked to the side chain by carboxy dimethyl maleic anhydride (CDM) bond. CDM bond is a pH-sensitive linkage that is degraded quickly in an acidic environment. The backbone is an endosomolytic polymer (DPC1.0)[@bib83], [@bib84] or polypeptide (DPC2.0).[@bib11] The low pH in the endosome/lysosome environment results in CDM degradation, leaving of the masking agents (GalNAc or polyethylene glycol \[PEG\]), and protonation of the backbone.[@bib87] Protonation further leads to inflow of H^+^ and Cl^−^ and water into the endosomes, resulting in osmotic swelling and endosome rupture.[@bib88] As a result, siRNAs successfully release from the endosome and/or lysosome and trigger RNAi. By this smart design, all functional elements, including the endosomolytic backbone, charge-masking agents (GalNAc and/or PEG), environment-responsive linkage (CDM), targeting ligand (GalNAc), and siRNA, accomplish their missions at different stages and finally induce efficient gene silencing.

For the first-generation technology (DPC1.0), siRNA was covalently conjugated to the polymer backbone (a polymer composed of butyl and amino vinyl ether, PBAVE) by disulfide linkage.[@bib83] However, siRNA is not linked with the polypeptide (melitin-linked peptide, a kind of membrane-lytic peptide) for the second-generation technology (DPC2.0).[@bib11] Instead, siRNA is modified with cholesterol, a lipophilic molecule facilitating membrane penetration. Cholesterol-modified siRNA (chol-siRNA) and GalNAc-masked polypeptides are co-injected into animals or human beings. In addition, chol-siRNA can also be co-injected with GalNAc/PEG-masked PBAVE, resulting in efficient gene silencing in animals.[@bib84]

By employing DPC2.0, Arrowhead has established an attractive siRNA therapeutics pipeline ([Table 1](#tbl1){ref-type="table"}). ARC520, a potentially curative therapy for patients with chronic hepatitis B infection, is undergoing phase IIb clinical trial.[@bib11], [@bib89] According to the clinical data disclosed by Arrowhead, ARC-520 could silence all HBV gene products and intervene upstream of the reverse transcription process. ARC-520 and entecavir produced rapid HBV DNA suppression with all hepatitis B e-antigen (HBeAg)-positive, treatment-naive patients, achieving serum HBV DNA reductions of up to 5.5 log~10~ (99.9997%), and all HBeAg-negative, treatment-naive patients, achieving reductions that put them below the limit of quantitation. ARC-520 effectively inhibited HBV covalently closed circular DNA (cccDNA)-derived mRNA with observed viral protein reduction in HBV patients of up to 2.0 log~10~ (99%) after a single dose. Complexed hepatitis B surface antigen (HBsAg) antibodies (anti-HBs) were developed and detected in HBV patients treated with ARC-520, which may represent a recovery of the immune system response and functional cure. Meanwhile, inspired by the discovery that integrated HBV DNA plays a pivotal role in the HBV life cycle and HBsAg expression, Arrowhead further developed ARC-521, a siRNA therapeutic targeting integrated HBV DNA. It has been dosed in a first-in-human phase I/IIa study now.[@bib90] Moreover, ARC-AAT (C.I. Wooddell et al., 2014, Hepatology, abstract) (targeting alpha-1 antitrypsin for the treatment of alpha-1 antitrypsin deficiency) is in phase I clinical study. ARC-F12 (S. Melquist et al., 2016, J. Allergy Clin. Immunol., abstract), a pre-clinical program, is designed for the treatment of hereditary angioedema (HAE) and thromboembolic disorders.

GalNAc delivery technology is also progressing greatly in Dicerna Pharmaceuticals. Different from Alnylam's triantennary GalNAc conjugates, tetra-antennary GalNAc conjugates (Gal*X*C) were preferred by Dicerna.[@bib91] In fact, it has been well documented that the dramatic hierarchy of the inhibitory ability of different valences of oligosaccharides to inhibit the binding of labeled ligand to the mammalian hepatic lectin on rabbit hepatocytes is as follows: tetra-antennary \> triantennary ≫ biantennary ≫ monoantennary.[@bib51], [@bib54] However, the inhibition potency of tetra-antennary oligosaccharide was just slightly higher than triantennary oligosaccharide.[@bib54] Four GalNAc molecules are attached to four bases of an internal complementation pairing constant sequence. This constant sequence is linked to the 3′ end of the passenger strand. Finally, the guide strand and the extended passenger strand are annealed, forming a mature Dicer-substrate RNA (DsiRNA)-GalNAc conjugate with a nick at the 3′ end of the guide strand. Dicerna claimed that tetraloop-structured GalNAc conjugate provides enhanced stabilization, rapid generation time, and simple "on-column" oligo manufacturing, and properly orients multiple ligands for presentation to hepatocytes. Based on this technology, many siRNA drug candidates are developed at the preclinical stage ([Table 1](#tbl1){ref-type="table"}). Potent and durable pharmacodynamic effects have been achieved for several targeted genes, such as HAO1, AAT, HMGB1, β-catenin, PCSK9, and HBV.[@bib91] For example, a single dose of DCR-PHsc (3 mg/kg) achieved 94% maximum HAO1 mRNA silencing and 88% average silencing. A 6-month multi-dose of DCR-PHsc achieved 93% maximum mRNA silencing on day 77. The no observed adverse effect level (NOAEL) of this GalNAc conjugate is \>100 mg/kg after being administered via subcutaneous injection weekly.

Moreover, Silence Therapeutics has also added siRNA-GalNAc conjugates to their drug development pipeline. However, no detailed information is disclosed to date. Recently, Wave Life Sciences announced that it has reached a cooperation agreement with Pfizer for the potential development of nucleic acid therapies. The collaboration will combine Wave's proprietary antisense and RNAi capabilities with GalNAc and Pfizer's hepatic targeting technology for potential development of optimized therapeutics.

GalNAc Used for Liver-Targeted Delivery of Anti-miRs {#sec1.2}
----------------------------------------------------

GalNAc conjugate technology has also been used for anti-miR (antagomir) delivery ([Figure 2](#fig2){ref-type="fig"}B; [Table 1](#tbl1){ref-type="table"}). RG-101, a GalNAc-conjugated oligonucleotide targeting miR-122 developed by Regulus Therapeutics, is the first microRNA therapeutic for the treatment of hepatitis C virus (HCV). Phase II clinical data demonstrated that a single dose of RG-101 resulted in a mean viral load reduction of 4.8 log~10~ (4 mg/kg) and 4.1 log~10~ (2 mg/kg) at 29 days and a mean viral load reduction of 4.7 log~10~ (4 mg/kg) and 3.6 log~10~ (2 mg/kg) at 57 days.[@bib92] More importantly, a single dose of RG-101 has resulted in undetectable HCV RNA levels in chronic hepatitis C patients at week 28 of follow-up (M.H. van der Ree et al., 2015, Hepatology, abstract). RG-125 (AZD4076), another GalNAc-conjugated anti-miR targeting microRNA-103/107 for the treatment of non-alcoholic steatohepatitis (NASH) in patients with type 2 diabetes/pre-diabetes, has been dosed in a first-in-human phase I study by Regulus's collaboration partner AstraZeneca (M. Sundqvist et al., 2015, Diabetologia, abstract; B. Wagner et al., 2015, Diabetologia, abstract).[@bib93] Regulus's anti-miR modulators combine all three leading RNA technologies: Alnylam's GalNAc delivery platform, Ionis's G2.5 modification strategy, and Regulus's proprietary linker conjugate. Their proprietary linker chemistry allows quick release of anti-miR to the cytoplasm after hepatocytes uptake.

GalNAc Used for ASO Delivery to Hepatocytes {#sec1.3}
-------------------------------------------

GalNAc conjugate was also employed in ASO drug development ([Figure 2](#fig2){ref-type="fig"}C). Among the ligand conjugate antisense (LICA) drugs developed by Ionis Pharmaceuticals, GalNAc is a leading conjugate technology that was designed to enhance the delivery of ASOs to hepatocytes. With the GalNAc conjugate, GalNAc-ASO showed ∼10-fold greater potency than ASO without conjugate,[@bib94] which supported lower doses and/or less frequent dosing (potential for once monthly). The enhanced drug profile is optimal for use in broader patient populations because it showed greater convenience for patients, better potency and tolerability, and higher probability of compliance.

Ionis has developed generation 2.5 chemistry for ASO modification in which short *S*-2′-*O*-Et-2′,4'-bridged nucleic acid (*S*-cEt) is used to modify an ASO gapmer. The potency of ASO designs comprised with *S*-cEt was enhanced approximate 10-fold compared with the ASO modified with 2′-*O*-methoxyethyl \[2′-MOE\], Generation 2.0).[@bib94] When combining GalNAc conjugation with *S*-cEt modification, ∼60-fold enhancement in potency relative to the parent MOE ASO was observed.[@bib94] MOE or *S*-cEt modifications are placed at the 5′ and 3′ wings of the ASO gapmer. DNA bases are located at the middle, and phosphorothioate linkages may be employed throughout the sequence. Moreover, except for 2′ modification chemistry (e.g., 2′-F, 2′-OMe, 2′-MOE, and 2′-*O*-ethyl \[cEt\]), 2′,4′-constrained bicyclic nucleic acid (BNA) can be also used to build ASOs, such as LNA, 2′-*O*-Ethyl cEt BNA, and 2′-*O*-methoxyethyl (cMOE) BNA.[@bib95]

Ionis comprehensively investigated structure-activity relationships of triantennary GalNAc-conjugated ASOs.[@bib96] Seventeen GalNAc clusters were assembled from six distinct scaffolds, including the structures of Tris, Triacid, Lys-Lys, Lys-Gly, Trebler, and Hydroxyprolinol, and attached to ASOs. The potency of these conjugates was thoroughly evaluated both in vitro and in vivo, suggesting that a simplified Tris-based GalNAc cluster (trishexylamino \[THA\]-GalNAc) empowered the ASOs' wonderful potency and safety. THA-GalNAc can be efficiently assembled using readily available starting materials and conjugated to ASOs using a solution-phase conjugation strategy, providing a clinically applicable GalNAc-ASO modality. Ionis has added the THA-C6 triantenerrary GalNAc to eight liver-targeted ASOs, including ISIS-APO(a)-L~Rx~,[@bib97], [@bib98], [@bib99] IONIS-ANGPTL3-L~Rx~,[@bib98] IONIS-GSK4-L~Rx~, IONIS-HBV-L~Rx~ (ISIS-GSK6-L~Rx~),[@bib100], [@bib101] IONIS-APOCIII-L~Rx~, IONIS-GHR-L~Rx~,[@bib102] IONIS-AGT-L~Rx~, and IONIS-TMPRSS6-LRx.[@bib103]

IONIS-APO(a)-L~Rx~ is a LICA version of IONIS-APO(a)~Rx~. IONIS-APO(a)-L~Rx~ demonstrated over 20- to 30-fold improvement in potency over IONIS-APO(a)~Rx~, as measured by liver apo(a) mRNA and plasma apo(a) protein levels.[@bib96], [@bib97] Subjects who received a single dose of 80 mg IONIS-APO(a)-L~Rx~ achieved substantial reductions in lipoprotein(a) (Lp(a)) of up to 97% and a mean reduction of 79% (p = 0.01) at 30 days. The long duration of the effect resulted in significant Lp(a) reductions of nearly 50% 90 days after the single dose.

In addition, Ionis demonstrated that the triantennary GalNAc cluster could be readily assembled on the 5′ end of ASOs via solid-phase synthetic methods using phosphoramidite chemistry.[@bib104] It could be also attached to 5′-hexylamino (5′-HA)-modified ASOs via a solution-phase conjugation strategy by involving pentafluorophenolic ester intermediates, which avoided loading of GalNAc clusters onto a solid support.[@bib105] Meanwhile, 5′ conjugation of the GalNAc cluster could be easily achieved based on a nitromethanetrispropionic acid core.[@bib106] Data manifested that 5′-conjugated ASOs are more potent in primary hepatocytes as well as in animals than 3′-conjugated ASOs,[@bib105] and the GalNAc ASOs showed 5- to 10-fold improvement in activity compared with the parent ASOs without GalNAc moiety.[@bib104], [@bib106]

Recently, Ionis further proved that conjugation of two and even one GalNAc sugar to single-stranded chemically modified ASOs can enhance potency 5- to 10-fold in mice.[@bib107] Yamamoto et al.[@bib108] observed that LNA-modified ASOs tethered to a synthetically accessible, phosphodiester-linked monovalent GalNAc unit at the 5′ terminus showed ideal potency in vivo. Phosphodiester was preferable to phosphorothioate as an interunit linkage in terms of ASGPR binding and subcellular behavior of the ASOs. The gene-silencing effects are positively correlated with the number of GalNAcs.

In another Ionis study,[@bib109] the THA-C6 triantenerrary GalNAc conjugate at the 5′ end of the ASO was rapidly metabolized and excreted with 25.67% ± 1.635% and 71.66% ± 4.17% of radioactivity recovered in rat urine and feces within 48 hr post dose. Unchanged drug, short-mer ASOs, and linker metabolites were detected in the urine. Fourteen novel linker-associated metabolites were discovered in rat urine, and metabolites in the bile and feces were identical to urine except for oxidized linear and cyclic linker metabolites. These findings provided an improved understanding of GalNAc-conjugated-ASO metabolism pathways for similar ASO agents. All of the above efforts will undoubtedly shed light on ASO-GalNAc chemistry and the mechanism of GalNAc/ASGPR recognition and facilitate ASO-based drug development.

Conclusions and Insights {#sec1.4}
------------------------

GalNAc represents a powerful and reliable liver-targeted delivery platform for the development of nucleic acid therapeutics. In addition to siRNAs, anti-miRs, and ASOs, other nucleic acid therapeutics or small molecules, such as miRNA, nucleoside analog (fluorouracil \[5-Fu\]),[@bib47] small molecules (e.g., doxorubicin),[@bib48] and even plasmid DNA[@bib41] and mRNA ([Figure 2](#fig2){ref-type="fig"}D), can also be decorated with GalNAc, which may remarkably enhance their potency compared with their parent modalities without conjugation. With the continuous optimizations of conjugate chemistry and manufacturing technique as well as the improved understanding of ligand/receptor recognition and drug metabolism and pharmacokinetics (DMPK) properties in vivo, GalNAc modulators could strongly influence biomedical prospects in the next few years.
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![Gene Regulation Pathways for siRNA, miRNA, Anti-miR, and ASO\
(A and B) RNAi pathway. (A) First, miRNA genes are transcribed by RNA polymerase II or III (pol II/III) into long (60- to 100-nt) primary miRNA (pri-miRNA) sequences with stem-loop structures that are further cleaved by the Drosha--DGCR8 (DiGeorge syndrome critical region gene 8) complex to form ∼70-nt precursor miRNA (pre-miRNA) structures containing 2-nt overhangs at their 3′ ends.[@bib118], [@bib119] After being transported to the cytoplasm by exportin-5, pre-miRNAs are processed by Dicer into mature (∼22-nt) miRNAs. (B) siRNAs can be obtained directly by chemical synthesis. They can also be generated from the cleavage of double-stranded RNA (dsRNA), DsiRNA, or short hairpin RNA (shRNA) by Dicer.[@bib120], [@bib121] shRNA is transcribed by pol II from an shRNA-expressing plasmid. A chemically synthesized siRNA-, dsRNA-, DsiRNA-, or shRNA-expressing plasmid can be exogenously added into the cell. Then, mature miRNA and siRNA will be assembled into the RNA-induced silencing complex (RISC). RISC contains AGO (Argonaute), TRBP (HIV-1 transactivation responsive element \[TAR\] RNA-binding protein), and other proteins. The antisense (guide) strand of siRNA/miRNA remains in the RISC, forming activated siRISC or miRISC. Activated siRISC finds its target mRNA in a complete-match way, cleaves the target mRNA, and thus blocks its translation (A). Meanwhile, activated miRISC binds to target mRNA by forming a bulge sequence in the middle and inhibits its expression by either translation repression or mRNA cleavage (B). Translationally repressed mRNA is either stored in P bodies or enters the mRNA decay pathway for destruction. (C) When anti-miRs are added into the cell, they can specifically associate with Argonaute-bound miRNAs, preventing association with target mRNAs, which leads to increased expression of the targeted mRNAs.[@bib122] (D) ASOs commonly have a phosphorothioate backbone with flanks that are modified with 2′-*O*-methyl (2′-OMe) or 2′-MOE or *S-*cEt residues (highlighted in purple).[@bib94] Flank modifications can improve the binding affinity and nuclease resistance of ASOs and reduce immune stimulation of the PS backbone and do not support RNase H cleavage. The unmodified "gap" in a gapmer-mRNA duplex will recruit RNase H, resulting in degradation of duplexed mRNA.[@bib123]](gr1){#fig1}

![GalNAc/ASGPR-Mediated Oligonucleotide Delivery to Hepatocytes\
(A--D) First, GalNAc-decorated oligonucleotides (siRNA, A; anti-miR, B; ASO, C) are recognized by ASGPR, which triggers endocytosis via the clathrin-mediated pathway. All conjugations of mono-, di-, tri-, or tetra-GalNAc sugars can enhance the delivery efficiency of oligonucleotides to hepatocytes.[@bib51], [@bib107] For simplicity, only trivalent GalNAc conjugates are indicated. Then, the payloads escape from the endosome/lysosome and further mediate RNAi (for siRNA, A) block the function of miRNA (for anti-miR, B), or cause mRNA degradation (for antisense, C). The exact mechanism for GalNAc conjugate escaping from the endosome/lysosome is still unspecified. Moreover, GalNAc conjugate can also be used for liver-targeted delivery of other nucleic acid therapeutics and small molecules (such as miRNA and doxorubicin), resulting in certain biological effect in the cells (D). Meanwhile, ASGPR will recycle to the cell surface within ∼15 min[@bib31] and mediate the next internalization.](gr2){#fig2}

###### 

Disease Targets and Nucleic Acid Therapeutic Candidates in the Development Pipeline

  Indication(s)                                                              Therapeutic Name                                 Target                         Type                    Delivery                     Administration Route   Clinical Status          Company               NCT Number                                                                                                                                                                                                                                                                                                                                                                               References
  -------------------------------------------------------------------------- ------------------------------------------------ ------------------------------ ----------------------- ---------------------------- ---------------------- ------------------------ --------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------
  Familial amyloidotic cardiomyopathy                                        ALN-TTRsc/Revusiran                              TTR                            siRNA                   STC-GalNAc conjugate         s.c.                   phase III, terminated    Alnylam               [NCT01814839](ctgov:NCT01814839){#intref0070}, [NCT02292186](ctgov:NCT02292186){#intref0075}, [NCT01981837](ctgov:NCT01981837){#intref0080}, [NCT02319005](ctgov:NCT02319005){#intref0085}, [NCT02595983](ctgov:NCT02595983){#intref0090}                                                                                                                                                J.D. Gillmore, et al., 2015, J. Am. Coll. Cardiol., abstract; [@bib64], [@bib65], [@bib70]
  Hypercholesterolemia                                                       ALN-PCSsc                                        PCSK9                          siRNA                   ESC-GalNAc conjugate         s.c.                   phase II                 Alnylam               [NCT02314442](ctgov:NCT02314442){#intref0095}, [NCT02597127](ctgov:NCT02597127){#intref0100}                                                                                                                                                                                                                                                                                             K.J. Pasi et al., 2016, Haemophilia, abstract; K. Fitzgerald et al., 2015, Circulation, abstract; [@bib74], [@bib110]
  Hemophilia and rare bleeding disorders                                     ALN-AT3/Fitusiran                                AT                             siRNA                   ESC-GalNAc conjugate         s.c.                   phase I/II               Alnylam               [NCT02035605](ctgov:NCT02035605){#intref0105}, [NCT02554773](ctgov:NCT02554773){#intref0110}                                                                                                                                                                                                                                                                                             K.J. Pasi et al., 2016, Haemophilia, abstract; [@bib71], [@bib72], [@bib111]
  Paroxysmal nocturnal hemoglobinuria                                        ALN-CC5                                          C5                             siRNA                   ESC-GalNAc conjugate         s.c.                   phase I/II               Alnylam               [NCT02352493](ctgov:NCT02352493){#intref0115}                                                                                                                                                                                                                                                                                                                                            [@bib75], [@bib112]
  Alpha-1 antitrypsin deficiency                                             ALN-AAT                                          AAT                            siRNA                   ESC-GalNAc conjugate         s.c.                   phase I/II, terminated   Alnylam               [NCT02503683](ctgov:NCT02503683){#intref0120}                                                                                                                                                                                                                                                                                                                                            [@bib66]
  Primary hyperoxaluria type 1                                               ALN-GO1                                          GO (HAO1)                      siRNA                   ESC-GalNAc conjugate         s.c.                   phase I/II               Alnylam               [NCT02706886](ctgov:NCT02706886){#intref0125}                                                                                                                                                                                                                                                                                                                                            [@bib76], [@bib77], [@bib113]
  Hepatitis B virus infection                                                ALN-HBV                                          conserved region of HBV        siRNA                   ESC-GalNAc conjugate         s.c.                   phase I/II               Alnylam               [NCT02826018](ctgov:NCT02826018){#intref0130}                                                                                                                                                                                                                                                                                                                                            L. Sepp-Lorenzino et al., 2015, Hepatology, abstract;[@bib78], [@bib79], [@bib114]
  Hepatic porphyrias                                                         ALN-AS1                                          ALAS1                          siRNA                   ESC-GalNAc conjugate         s.c.                   phase I                  Alnylam               [NCT02452372](ctgov:NCT02452372){#intref0135}                                                                                                                                                                                                                                                                                                                                            [@bib80], [@bib81], [@bib115]
  Familial amyloidotic cardiomyopathy                                        ALN-TTRsc02                                      TTR                            siRNA                   ESC-GalNAc conjugate         s.c.                   phase I                  Alnylam               [NCT02797847](ctgov:NCT02797847){#intref0140}                                                                                                                                                                                                                                                                                                                                            [@bib116]
  Alpha-1 antitrypsin deficiency                                             ALN-AAT02                                        AAT                            siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        
  β-Thalassemia/iron overload disorders                                      ALN-TMP                                          Tmprss6                        siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        J. Butler et al., 2013, Blood, abstract
  Hereditary angioedema                                                      ALN-F12                                          F12                            siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        Akinc et al., 2016, J. Allergy Clin. Immunol., abstract
  Thromboprophylaxis                                                         ALN-F12                                          F12                            siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        
  Hypertriglyceridemia                                                       ALN-AC3                                          ApoC3                          siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        [@bib74]
  Mixed hyperlipidemia/hypertriglyceridemia                                  ALN-ANG                                          ANGPTL3                        siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        W. Querbes et al., 2013, Circulation, abstract
  Hypertension/pre-eclampsia                                                 ALN-AGT                                          AGT                            siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        
  Hepatitis D virus infection                                                ALN-HDV                                          HDV genome                     siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        
  Chronic liver infection                                                    ALN-PDL                                          PD-L1                          siRNA                   ESC-GalNAc conjugate         s.c.                   preclinical              Alnylam                                                                                                                                                                                                                                                                                                                                                                                                        
  Hepatitis B virus infection                                                ARC-520                                          conserved region of HBV        siRNA                   GalNAc-masked DPC            i.v.                   phase IIb                Arrowhead             [NCT01872065](ctgov:NCT01872065){#intref0145}, [NCT02535416](ctgov:NCT02535416){#intref0150}, [NCT02065336](ctgov:NCT02065336){#intref0155}, [NCT02604199](ctgov:NCT02604199){#intref0160}, [NCT02604212](ctgov:NCT02604212){#intref0165}, [NCT02452528](ctgov:NCT02452528){#intref0170}, [NCT02738008](ctgov:NCT02738008){#intref0175}, [NCT02577029](ctgov:NCT02577029){#intref0180}   [@bib11], [@bib89], [@bib117]
  Hepatitis B virus infection                                                ARC-521                                          integrated DNA of HBV genome   siRNA                   GalNAc-masked DPC            i.v.                   phase I/IIa              Arrowhead             [NCT02797522](ctgov:NCT02797522){#intref0185}                                                                                                                                                                                                                                                                                                                                            
  Alpha-1 antitrypsin deficiency                                             ARC-AAT                                          AAT                            siRNA                   GalNAc-masked DPC            i.v.                   phase I                  Arrowhead             [NCT02363946](ctgov:NCT02363946){#intref0190}                                                                                                                                                                                                                                                                                                                                            [@bib89]
  Thrombosis and angioedema                                                  ARC-F12                                          F12                            siRNA                   GalNAc-masked DPC            i.v.                   preclinical              Arrowhead                                                                                                                                                                                                                                                                                                                                                                                                      S. Melquist et al., 2016, J. Allergy Clin. Immunol., abstract
  Primary hyperoxaluria type 1                                               DCR-PHsc                                         HAO1                           siRNA                   DsiRNA-GalNAc conjugate      s.c.                   preclinical              Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Orphan genetic disease                                                     DCR-undisclosed                                  undisclosed target             siRNA                   DsiRNA-GalNAc conjugate      s.c.                   preclinical              Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Cardiovascular disease                                                     DCR-PCSK9                                        PCSK9                          siRNA                   DsiRNA-GalNAc conjugate      s.c.                   research                 Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Alpha-1 antitrypsin deficiency                                             DCR-AAT                                          AAT                            siRNA                   DsiRNA-GalNAc conjugate      s.c.                   research                 Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Fibrotic liver diseases                                                    DCR-HMGB1[a](#tblfn1){ref-type="table-fn"}       HMGB1                          siRNA                   DsiRNA-GalNAc conjugate      s.c.                   research                 Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Hepatitis B virus infection                                                DCR-HBV[a](#tblfn1){ref-type="table-fn"}         conserved region of HBV        siRNA                   DsiRNA-GalNAc conjugate      s.c.                   research                 Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Chronic liver diseases (liver fibrosis)                                    DCR-β-catenin[a](#tblfn1){ref-type="table-fn"}   CTNNB1                         siRNA                   DsiRNA-GalNAc conjugate      s.c.                   research                 Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Rare genetic diseases/metabolic disorder/multiple liver-related diseases   GalXC UDT \#1--\#8                               eight undisclosed targets      siRNA                   DsiRNA-GalNAc conjugate      s.c.                   research                 Dicerna                                                                                                                                                                                                                                                                                                                                                                                                        [@bib91]
  Unknown                                                                    unknown                                          undisclosed targets            siRNA                   siRNA-GalNAc conjugate       s.c.                   research                 Silence                                                                                                                                                                                                                                                                                                                                                                                                        
  Rare genetic diseases 1                                                    unknown                                          undisclosed targets            unknown (ASO or RNAi)   GalNAc-conjugated molecule   NA                     research                 Wave Life Science                                                                                                                                                                                                                                                                                                                                                                                              
  Rare genetic diseases 2                                                    unknown                                          undisclosed targets            unknown (ASO or RNAi)   GalNAc-conjugated molecule   NA                     research                 Wave Life Science                                                                                                                                                                                                                                                                                                                                                                                              
  Hepatitis C virus infection                                                RG-101                                           microRNA-122                   anti-miR                anti-miR-GalNAc conjugate    s.c.                   phase II                 Regulus               NA                                                                                                                                                                                                                                                                                                                                                                                       M.H. van der Ree et al., 2015, Hepatology, abstract;[@bib92]
  NASH/type 2 diabetes/pre-diabetes                                          RG-125                                           microRNA-103/107               anti-miR                anti-miR-GalNAc conjugate    s.c.                   phase I                  Regulus/AstraZeneca   NA                                                                                                                                                                                                                                                                                                                                                                                       M. Sundqvist et al., 2015, Diabetologia, abstract; B. Wagner et al., 2015, Diabetologia, abstract;[@bib93]
  High lipoprotein(a)                                                        IONIS-APO(a)-L~Rx~                               Apo(a)                         ASO                     ASO-GalNAc conjugate         s.c.                   Phase I/IIa              Ionis/Akcea           [NCT02414594](ctgov:NCT02414594){#intref0195}                                                                                                                                                                                                                                                                                                                                            [@bib97], [@bib98], [@bib99]
  Mixed dyslipidemias                                                        IONIS-ANGPTL3-L~RX~                              ANGPTL3                        ASO                     ASO-GalNAc conjugate         s.c.                   phase I/II               Ionis/Akcea           [NCT02709850](ctgov:NCT02709850){#intref0200}                                                                                                                                                                                                                                                                                                                                            [@bib98]
  Ocular disease                                                             IONIS-GSK4-L~Rx~                                 Undisclosed targets            ASO                     ASO-GalNAc conjugate         s.c.                   phase I                  Ionis/GSK             NA                                                                                                                                                                                                                                                                                                                                                                                       
  Hepatitis B virus infection                                                IONIS-HBV-L~Rx~                                  HBV genome                     ASO                     ASO-GalNAc conjugate         s.c.                   phase I                  Ionis/GSK             NA                                                                                                                                                                                                                                                                                                                                                                                       [@bib100], [@bib101]
  Severe high triglycerides / High triglycerides with type 2 diabetes        IONIS-APOCIII-L~RX~                              ApoC3                          ASO                     ASO-GalNAc-conjugate         s.c.                   preclinical              Ionis/Akcea                                                                                                                                                                                                                                                                                                                                                                                                    
  Acromegaly                                                                 IONIS-GHR-L~Rx~                                  GHr                            ASO                     ASO-GalNAc conjugate         s.c.                   preclinical              Ionis                                                                                                                                                                                                                                                                                                                                                                                                          [@bib102]
  β-Thalassemia                                                              IONIS-TMPRSS6-L~Rx~                              Tmprss6                        ASO                     ASO-GalNAc conjugate         s.c.                   preclinical              Ionis                                                                                                                                                                                                                                                                                                                                                                                                          [@bib103]
  Treatment-resistant hypertension                                           IONIS-AGT-L~Rx~                                  AGT                            ASO                     ASO-GalNAc conjugate         s.c.                   preclinical              Ionis                                                                                                                                                                                                                                                                                                                                                                                                          

Abbreviations: TTR, transthyretin amyloidosis; PCSK9, proprotein convertase subtilisin/kexin type 9; AT, antithrombin; C5, complement component 5; AAT, alpha-1 antitrypsin; HAO1 (GO), hydroxyacid oxidase (glycolate oxidase) 1; ALAS1, aminolevulinic acid synthase 1; Tmprss6, transmembrane protease serine 6; F12, factor XII; ApoC3, Apolipoprotein C3; ANGPTL3, Angiopoietin-like 3; AGT, angiotensinogen; PD-L1, programmed death-ligand 1; HMGB1, high mobility group box 1 protein; CTNNB1, catenin beta-1 or β-catenin; GHr, growth hormone receptor; s.c., subcutaneous; i.v., intravenous; NCT, national clinical trial; NA, not available.

Predicted name.

###### 

Dosing, Efficacy, and Safety Profiles of siRNA Therapeutics in Clinical Stage Developed by Alnylam

  Therapeutic Name                                                                                                                 Clinical Status                                                                                                            Dose and Regimen                                                                                                                            Annualized Exposure Levels (g)                                Subjects                                                                                                                     Efficacy                                                                                  Safety                                                                                                                                                                 
  -------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------
  ALN-TTRsc/Revusiran                                                                                                              phase II/III                                                                                                               MD                                                                                                                                          500 mg, daily × 5, followed by weekly                         28                                                                                                                           patients with ATTR amyloidosis with cardiomyopathy                                        durable TTR lowering of \>85% through 18 months: maximum knockdown of serum TTR up to 98%; mean maximum knockdown of 88%                                               imbalance of mortality in the Revusiran arm compared with placebo
  five of nine hATTR-CM patients have stable 6-MWD at 12 months                                                                    causes of these safety findings still unclear                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  ALN-PCSsc                                                                                                                        phase I                                                                                                                    SAD                                                                                                                                         25, 100, 300, 500, 800 mg                                     NA                                                                                                                           patients with elevated LDL-C, patients with high cardiovascular risk and elevated LDL-C   max PCSK9 inhibition of 88.7% with mean max of 82.3% (±2.0)                                                                                                            one subject (800 mg) with mild, localized ISRs
  max LDL-C reduction of 78.1% with mean max of 59.3% (±5.0)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  max reductions: LP(a) (--77%), Total-C (--48%), ApoB (--72%), non-HDL (--68%)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  MAD                                                                                                                              125 mg qW × 4                                                                                                              NA                                                                                                                                          max PCSK9 inhibition of 94.4% with mean max of 88.5% (±1.6)   three subjects with mild, localized ISRs at higher drug exposures                                                                                                                                                                                                                                                                                                                             
  250 mg q2W × 2                                                                                                                   max LDL-C reduction of 83.0% with mean max of 64.4% (±5.4)                                                                 one subject (500 mg qM × 2 + statin) experienced ALT elevation ∼4 × ULN without rise in bilirubin---related to concomitant statin therapy                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  300 mg qM × 2                                                                                                                    max reductions: LP(a) (--76%), total-C (--55%), ApoB (−68%), non-HDL (--73%)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  500 mg qM × 2                                                                                                                    durability sustained up to 6 months supporting bi-annual, low-volume SC dose regimen                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  on or off statins                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  phase II                                                                                                                         PFD                                                                                                                        300 mg q3M                                                                                                                                  1.2, 0.6                                                      patients                                                                                                                     NA                                                                                        NA                                                                                                                                                                     
  300 mg q6M                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  ALN-AT3/Fitusiran                                                                                                                phase I/II                                                                                                                 SAD                                                                                                                                         0.030 mg/kg × 1                                               NA                                                                                                                           healthy volunteers                                                                        mean maximal AT lowering of 87 ± 1% at 80 mg fixed dose;                                                                                                               no SAEs related to study drug; no thromboembolic events;
  MAD                                                                                                                              0.015 mg/kg qW × 3                                                                                                         NA                                                                                                                                          patients with hemophilia A or B                               median ABR = 0, with 53% patients bleed-free and 82% patients experiencing zero spontaneous bleeds in monthly dose cohorts   AEs (excluding ISRs) in ≥ 10% of patients, majority mild or moderate in severity                                                                                                                                                                                 
  0.045 mg/kg qW × 3                                                                                                               one patient with transient elevations of ALT (10 × ULN), AST (8 × ULN), CRP, and D-dimer; no increase in total bilirubin                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  0.075 mg/kg qW × 3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  0.225 mg/kg qM × 3                                                                                                               NA                                                                                                                         patients with hemophilia A or B                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  0.450 mg/kg qM × 3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  0.900 mg/kg qM × 3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  1.800 mg/kg qM × 3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  80 mg qM × 3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  50 mg qM × 3                                                                                                                     NA                                                                                                                         patients with hemophilia A or B with inhibitors                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  80 mg qM × 3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  PFD                                                                                                                              80 mg qM                                                                                                                   0.96                                                                                                                                        patients                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  ALN-CC5                                                                                                                          phase I/II                                                                                                                 SAD                                                                                                                                         50, 200, 400, 600, 900 mg                                     NA                                                                                                                           healthy volunteers                                                                        after single dose, up to 99% C5 KD with mean max KD of 98 ± 0.9%                                                                                                       no reported SAEs, all AEs mild or moderate, no discontinuations, low incidence of mild ISRs
  after multiple doses, up to 99% C5 KD with mean max KD of 99 ± 0.2%                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  clamped lowering of C5 with very low inter-subject variability                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  durable KD and complement inhibition lasting months, supportive of once monthly and potentially once quarterly SC dose regimen                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  MAD                                                                                                                              100 mg qW × 5;                                                                                                             NA                                                                                                                                          healthy volunteers                                            NA                                                                                                                           NA                                                                                                                                                                                                                                                               
  200 mg qW × 5;                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  400 mg qW × 5;                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  600 mg q2W × 7;                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  200 mg qW × 5, q2W × 4;                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  200 mg qW × 5, qM × 2.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  PFD                                                                                                                              600 mg, q3M                                                                                                                2.4                                                                                                                                         patients                                                      NA                                                                                                                           NA                                                                                                                                                                                                                                                               
  ALN-AAT                                                                                                                          phase I/II                                                                                                                 SAD                                                                                                                                         0.1 mg/kg                                                     NA                                                                                                                           healthy volunteers                                                                        6.0 mg/kg dose group;                                                                                                                                                  dose-dependent increase in hepatic transaminase observed
  0.3 mg/kg                                                                                                                        max AAT KD: 88.9%                                                                                                          three patients at 6.0 mg/kg with liver enzyme (ALT, AST) elevation (∼6--8 ULN)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  1.0 mg/kg                                                                                                                        mean maximal KD: 83.9 ± 2.6%                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  3.0 mg/kg                                                                                                                        mean AAT KD at ∼6 months: 75.0 ± 1.2%                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  6.0 mg/kg                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  MAD                                                                                                                              1.0 mg/kg, q28d × 4                                                                                                        ∼1.0                                                                                                                                        healthy volunteers                                            AAT knockdown at 1 mg/kg multidose comparable with 3 and 6 mg/kg single doses                                                NA                                                                                                                                                                                                                                                               
  ALN-GO1                                                                                                                          phase I/II                                                                                                                 SAD                                                                                                                                         0.3 mg/kg × 1                                                 NA                                                                                                                           healthy volunteers                                                                        dose-dependent increase in plasma and urine glycolate levels, with earliest onset of activity at higher doses evident by day 29 post dose and sustained until day 85   no drug-related SAEs or discontinuations because of AEs
  1.0 mg/kg × 1                                                                                                                    the lowest dose with appreciable glycolate increase is 1 mg/kg                                                             total of 61 AEs reported, all were mild to moderate                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  3.0 mg/kg × 1                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  6.0 mg/kg × 1                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  MAD                                                                                                                              1.0 mg/kg, q28d × 3                                                                                                        NA                                                                                                                                          PH1 patients                                                  NA                                                                                                                           NA                                                                                                                                                                                                                                                               
  ALN-HBV                                                                                                                          phase I/II                                                                                                                 SAD                                                                                                                                         0.1, 0.3, 1.0, 3.0 mg/kg; 2 optional doses                    NA                                                                                                                           healthy volunteers                                                                        preclinical data in AAV-HBV mouse model                                                                                                                                NA
  SAD                                                                                                                              0.1, 0.3, 1.0, 3.0 mg/kg; 3 optional doses                                                                                 NA                                                                                                                                          patients                                                      single SC dose at 3 mg/kg achieves \> 2 log~10~ HBsAg reduction lasting \> 30 days                                                                                                                                                                                                                                                                                                            
  MAD                                                                                                                              starting dose TBD, Q4W × 4 doses; TPP: 100--200 mg fixed dose monthly                                                      TPP: 1.2--2.4                                                                                                                               patients                                                      \> 4 month HBsAg KD after 3 mg/kg qW × 3.                                                                                                                                                                                                                                                                                                                                                     
  ALN-AS1                                                                                                                          phase I                                                                                                                    SAD                                                                                                                                         0.035 mg/kg × 1                                               NA                                                                                                                           ASHE patients                                                                             rapid, dose-dependent, and durable lowering of ALAS1 mRNA and urinary ALA and PBG                                                                                      no drug-related SAEs or discontinuations because of AEs
  0.10 mg/kg × 1                                                                                                                   for mRNA: 64% ± 1% with a single 2.5 mg/kg dose and 54% ± 2% with multiple 1.0 mg/kg doses                                 all AEs were mild or moderate in severity                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  0.35 mg/kg × 1                                                                                                                   for urinary ALA and PBG: 86% and 95%, respectively, with a single 2.5 mg/kg dose                                           two SAD subjects (0.035 and 0.10 mg/kg) were hospitalized for SAE of "abdominal pain" but not drug-related                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  1.0 mg/kg × 1                                                                                                                    84% and 89%, respectively, with multiple 1.0 mg/kg doses                                                                   one MAD subject (1 mg/kg) experienced a miscarriage but not drug-related                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  2.5 mg/kg × 1                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  MAD                                                                                                                              0.35 mg/kg qM × 2                                                                                                          NA                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  1.0 mg/kg qM × 2                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  MD                                                                                                                               TBD                                                                                                                        NA                                                                                                                                          AIP patients with recurrent attacks                           NA                                                                                                                           NA                                                                                                                                                                                                                                                               
  PFD                                                                                                                              2.5 mg/kg qM                                                                                                               ∼2.4                                                                                                                                        patients                                                      NA                                                                                                                           NA                                                                                                                                                                                                                                                               
  ALN-TTRsc02                                                                                                                      Phase I                                                                                                                    SAD and MAD                                                                                                                                 in NHP:                                                       TPP in human: ∼0.4                                                                                                           phase I: healthy volunteers                                                               in NHP;                                                                                                                                                                NA
  1 or 3 mg/kg qM × 4.                                                                                                             TPP: patients with ATTR amyloidosis                                                                                        sustained ≥ 95% TTR knockdown with qM dosing at 1 mg/kg in NHP                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  TPP in human:                                                                                                                                                                                                                                               sustained 90% TTR knockdown up to 4 months after last 3 mg/kg dose                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  50--100 mg qQ                                                                                                                                                                                                                                               SD 1 mg/kg ALN-TTRsc02 triggered higher serum TTR lowering compared with MD 5 mg/kg Revusiran                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Developed by Alnylam.[@bib70], [@bib110], [@bib111], [@bib112], [@bib113], [@bib114], [@bib115], [@bib116] Abbreviations: SAD, single ascending dose; MAD, multiple ascending dose; SD, single dose; MD, multiple dose; PFD, projected fixed dose; qW, weekly; qM, monthly; qQ, quarterly; LDL-C, low density lipoprotein cholesterol; total-C, total cholesterol; non-HDL, non-high density lipoprotein cholesterol; ApoB, apolipoprotein B; ABR, annualized bleeding rate; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; PH1, primary hyperoxaluria type 1; AAV, adeno-associated virus; ASHE, asymptomatic high excreters; AIP, acute intermittent porphyria; KD, knockdown; TBD, to be determined; TPP, target product profile; NHP, non-human primate.
